Abstract: Bioethanol production from sugarcane represents an opportunity for urban-agricultural development in small communities of Ecuador. Despite the fact that the industry for bioethanol production from sugarcane in Brazil is fully developed, it is still considered expensive as a small rural business. In order to be able to reduce the costs of monitoring the production process, and avoid the application of expensive sensors, the aim of this research was modeling the kinetics of production of bioethanol based on direct measurements of Brix grades, instead of the concentration of alcohol, during the process of cane juice bio-fermentation with Saccharomyces cerevisiae. This avoids the application of expensive sensors that increase the investment costs. Fermentation experiments with three concentrations of yeast and two temperatures were carried out in a laboratory reactor. In each case Brix grades, amount of ethanol and alcoholic degree were measured. A mathematical model to predict the quality and production of bioethanol was developed from Brix grade measurements, obtaining an adjusted coefficient of determination of 0.97. The model was validated in a pilot plant.
Introduction
In 2014, United States and Brazil provided 88% of the ethanol used as fuel in the world. The Brazilian ethanol industry mainly uses sugarcane as input [1] . Using modern equipment, Brazil has developed its own technology for processing sugar cane wastes to produce ethanol, which is obtained at a very competitive price [2, 3] . Although the production of ethanol from corn or cellulosic waste is less efficient than production from sugarcane, almost all U.S. ethanol is produced from those raw materials [4, 5] . Although the industry for producing ethanol from sugarcane is fully developed, this can be still an opportunity for local progress in developing countries.
Work on this research was developed in Ecuador. This country has an area of 69,156 ha cultivated with sugarcane and the ethanol production industry is underdeveloped. 89% of the crop is concentrated in the Cuenca Baja del Rio Guayas (provinces of Guayas, Cañar and Los Rios), where the mills with the highest production are located: San Carlos and Valdez. At present, the Ministry Coordinator of Production, Employment and Competitiveness (MCPEC) is attempting to favor economic development by implementing a biofuel industry in Ecuador as a way to improve local economies. For the development of this process, the MCPEC has implemented artisanal rural mills for the production of fuel from anhydrous ethanol [6] .
In Ecuador, as in other developing countries, rural communities use artisanal processing systems; ethanol production must be carried out at very low cost to maintain the profitability of this activity. To avoid exhaustive monitoring of all critical variables, the use of simple and cheap technology is required [7, 8] , but consequently, the yields decrease. For this situation it is necessary to carry out studies focused on determining appropriate operating conditions, and develop mathematical models to predict the process behavior. This would allow controlling the production of bioethanol, without direct measurements of all variables with expensive sensors, therefore the profitability of artisanal production could be significantly improved [9, 10] . For this reason, many researchers have begun to study affordable monitoring systems for bioprocesses, such as the use of computer sensors (soft sensors) for online measurement both for the substrate, intermediate and final products [11] . Most of them are based on molecular vibration techniques, such as near infrared (NIR) spectroscopy, Raman or fluorescence spectroscopy, or even less sophisticated measurements, such as those based on the ratio of produced gases, dissolved oxygen, pH, etc. [12, 13] . Although already developed, these alternatives for monitoring and controlling fermentation processes are still not widely accessible to the Ecuadorian artisanal ethanol industry [14] [15] [16] [17] [18] [19] .
The influence of yeast on the performance of bioethanol production via fermentation was already studied. For example, Peña and Arango [20] evaluated the ethanol production, cell growth and substrate consumption of several Saccharomyces cerevisiae strains. Two sucrose concentrations (170 and 250 g/L) and two substrates (industrial with sugar cane molasses and synthetic with sucrose) were evaluated. Other studies have aimed to characterize the effect of some operational parameters such as pH, temperature on the fermentation efficiency of Saccharomyces cerevisiae [21, 22] . Based on these studies, this paper proposes a mathematical model for the evaluation of the dissolved sugars content (measured as˝Brix) to estimate the amount of alcohol produced (volume of distilled alcohol) and its quality (alcoholic strength). This was supported by experimental data from fermentation of cane juice from the Facundo Vela sector, Ecuador, under different conditions of temperature and concentration of Saccharomyces cerevisiae. Table 1 shows the details of 45 samples that were collected from several fields at Facundo Vela (Ecuador). This region is located in the Andes. Its rainfall ranges between 1500 and 2500 mm per year. The temperature is usually between 14˝C and 23˝C. It is an area with a poor economy, mainly focused on agricultural activities, such as growing sugarcane, bananas, yuca, oranges, potatoes, or corn. The samples were processed to extract the juice through a press, and then they were filtered. Initially juice concentration was about 17-18˝Brix. Firstly the anaerobic fermentation process was evaluated in a laboratory scale digester with 250 mL of substrate (cane juice), where the temperature and initial concentration of yeast Saccharomyces cerevisiae were analyzed. Temperature, regulated through an oven, was evaluated at two levels, 30 and 40˝C; the initial concentration of yeast was evaluated at four levels: 0.15, 0.25. 2.0 and 2.5 g¨L´1; for each combination, two tests were performed. Therefore, the experimental design is defined as 2ˆ4 with two repetitions. From the results, a mathematical model to predict performance and quality of the obtained product was developed.
Material and Methods

Sample Preparation
In order to validate the accuracy of the proposed predictive model, in a second stage, additional experiments were conducted in a 25 L pilot fermenter. The same experiments were repeated at two temperatures, 30 and 40˝C, and two initial concentrations of yeast, 0.2 and 1.5 g¨L´1. Figures 1  and 2 show the experimental setups used in the laboratory and pilot plant trials.
During the fermentation process,˝Brix measurements were performed by means of a refractometer with a range from 0˝to 32˝Brix according to standard NTE INEN 2337 . This is indicative of the percentage of soluble sugars in cane juice. pH measurements were also performed using a potentiometer, according to standard NTE INEN 2337:2008 [23] . ; for each combination, two tests were performed. Therefore, the experimental design is defined as 2 × 4 with two repetitions. From the results, a mathematical model to predict performance and quality of the obtained product was developed. In order to validate the accuracy of the proposed predictive model, in a second stage, additional experiments were conducted in a 25 L pilot fermenter. The same experiments were repeated at two temperatures, 30 and 40 °C, and two initial concentrations of yeast, 0.2 and 1.5 g L −1 . Figures 1 and 2 show the experimental setups used in the laboratory and pilot plant trials.
During the fermentation process, °Brix measurements were performed by means of a refractometer with a range from 0° to 32 °Brix according to standard NTE INEN 2337 . This is indicative of the percentage of soluble sugars in cane juice. pH measurements were also performed using a potentiometer, according to standard NTE INEN 2337:2008 [23] . The measurements were recorded every four hours, until °Brix values were stabilized. Once the fermentation process was completed, the distillation of the must was carried out at a temperature between 75 and 80 °C. Then, the volume of alcohol and alcoholic strength of the obtained distillate were determined. The alcoholic strength was measured using an alcoholmeter according to the INEN 340 standard [24] .
Mathematical Modeling to Predict Performance and Product Quality
To develop a predictive mathematical model of the production of bioethanol from direct measurements of °Brix, a first order kinetics according to Equation (1) was considered: ; for each combination, two tests were performed. Therefore, the experimental design is defined as 2 × 4 with two repetitions. From the results, a mathematical model to predict performance and quality of the obtained product was developed. In order to validate the accuracy of the proposed predictive model, in a second stage, additional experiments were conducted in a 25 L pilot fermenter. The same experiments were repeated at two temperatures, 30 and 40 °C, and two initial concentrations of yeast, 0.2 and 1.5 g L −1 . Figures 1 and 2 show the experimental setups used in the laboratory and pilot plant trials.
To develop a predictive mathematical model of the production of bioethanol from direct measurements of °Brix, a first order kinetics according to Equation (1) was considered: The measurements were recorded every four hours, until˝Brix values were stabilized. Once the fermentation process was completed, the distillation of the must was carried out at a temperature between 75 and 80˝C. Then, the volume of alcohol and alcoholic strength of the obtained distillate were determined. The alcoholic strength was measured using an alcoholmeter according to the INEN 340 standard [24] .
To develop a predictive mathematical model of the production of bioethanol from direct measurements of˝Brix, a first order kinetics according to Equation (1) was considered:
where k is the rate constant (h´1),˝B(t) are the Brix degrees measured at an instant t, and t is the reaction time (h). Through the integration of Equation (1), the value of Brix degrees is obtained in the reactor for any time from its initial value (˝B o ) (Equation (2)):
The volumetric fraction of alcohol (ϕ) is defined as the ratio of alcohol volume (V a ) and the total volume in the reactor (V); (ϕ " V a {V). Assuming that the variation of alcohol volumetric fraction during the fermentation process is proportional to the degradation of sugars, Equation (3) is obtained:
where V a is the volume of alcohol obtained after the distillation process and V the volume of cane juice used. From Equations (1)- (3) the variation of alcohol volumetric fraction is obtained (Equation (4)):
by integration of Equation (4) the expression for calculating the volume of alcohol produced during fermentation of sugarcane juice is obtained (V a ). For the purposes of the model, it is initially considered that the volume of alcohol present in the juice is negligible. Therefore, Equation (5) is obtained:
Results and Discussion
Kinetic Parameters Determination
Figure 3a,b shows the Brix degrees variation with time in the tests carried during the first phase in the 250 mL reactor. These data were used to develop the model, considering first order kinetics. Table 2 shows the kinetic parameters obtained by least squares in each trial.
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where k is the rate constant (h −1 ), °B(t) are the Brix degrees measured at an instant t, and t is the reaction time (h). Through the integration of Equation (1), the value of Brix degrees is obtained in the reactor for any time from its initial value (°B0) (Equation (2)):
The volumetric fraction of alcohol (  ) is defined as the ratio of alcohol volume (Va) and the total volume in the reactor (V); (
Assuming that the variation of alcohol volumetric fraction during the fermentation process is proportional to the degradation of sugars, Equation (3) is obtained:
where Va is the volume of alcohol obtained after the distillation process and V the volume of cane juice used. From Equations (1)- (3) the variation of alcohol volumetric fraction is obtained (Equation (4)):
by integration of Equation (4) the expression for calculating the volume of alcohol produced during fermentation of sugarcane juice is obtained (Va). For the purposes of the model, it is initially considered that the volume of alcohol present in the juice is negligible. Therefore, Equation (5) is obtained: Figure 3a ,b shows the Brix degrees variation with time in the tests carried during the first phase in the 250 mL reactor. These data were used to develop the model, considering first order kinetics. Table 2 shows the kinetic parameters obtained by least squares in each trial.
Results and Discussion
Kinetic Parameters Determination
(a) It is demonstrated that the rate constant k is related with the temperature (T) and initial concentration of yeast (C). This is in accordance with [17, 22] . By means of the TableCurve 3D software, Equation (6) Figure 4 shows the interaction between the initial yeast concentration C and temperature in the kinetic constant values estimated by the model of Equation (6) . The red area indicates low interaction, while the blue area show higher interaction. It can be observed when the yeast concentration is high the rate constant decreases if the temperature varies from 30 to 40 °C, therefore the reaction in slower. When C is low the temperature influence over k is negligible. It is demonstrated that the rate constant k is related with the temperature (T) and initial concentration of yeast (C). This is in accordance with [17, 22] . By means of the TableCurve 3D software, Equation (6) was obtained, with a coefficient of determination 0.962.
k " 1 36.56´12.6¨lnC`0.67¨T (6) Figure 4 shows the interaction between the initial yeast concentration C and temperature in the kinetic constant values estimated by the model of Equation (6) . The red area indicates low interaction, while the blue area show higher interaction. It can be observed when the yeast concentration is high the rate constant decreases if the temperature varies from 30 to 40˝C, therefore the reaction in slower. When C is low the temperature influence over k is negligible. It is demonstrated that the rate constant k is related with the temperature (T) and initial concentration of yeast (C). This is in accordance with [17, 22] . By means of the TableCurve 3D software, Equation (6) was obtained, with a coefficient of determination 0.962. Figure 4 shows the interaction between the initial yeast concentration C and temperature in the kinetic constant values estimated by the model of Equation (6) . The red area indicates low interaction, while the blue area show higher interaction. It can be observed when the yeast concentration is high the rate constant decreases if the temperature varies from 30 to 40 °C, therefore the reaction in slower. When C is low the temperature influence over k is negligible. Figure 5 shows the pH conditions found during the different laboratory trials. It can be observed that the pH initially decreases, according to an exponential function, until a constant value is reached at 30 h. Higher initial yeast concentration produces a higher pH in the stationary phase.
Energies 2016, 9, 319 6 of 10 Figure 5 shows the pH conditions found during the different laboratory trials. It can be observed that the pH initially decreases, according to an exponential function, until a constant value is reached at 30 h. Higher initial yeast concentration produces a higher pH in the stationary phase. 
Prediction of Alcohol Volume
Productivity of the process is measured as the volume of alcohol produced from the cane juice from an initial graduation °Brix (°B0). The results show that its value also depends on the temperature and concentration of yeast used (T and C), in concordance with [17, 22] .
According to Equations (3) and (6), Table 3 shows the proportionality constant β for each volume of alcohol obtained (Va). It can be seen that there is little variation of the β value. Therefore, it is considered as a representative constant of the fermentation 0.0148 (σ = 0.0013) for the defined conditions of temperature and concentration of yeast. 
Productivity of the process is measured as the volume of alcohol produced from the cane juice from an initial graduation˝Brix (˝B o ). The results show that its value also depends on the temperature and concentration of yeast used (T and C), in concordance with [17, 22] .
According to Equations (3) and (6), Table 3 shows the proportionality constant β for each volume of alcohol obtained (V a ). It can be seen that there is little variation of the β value. Therefore, it is considered as a representative constant of the fermentation 0.0148 (σ = 0.0013) for the defined conditions of temperature and concentration of yeast. In Tables 4 and 5 the results obtained with equivalent conditions in the 250 mL and 25 L reactors are presented. The values calculated with the model for predicting the quantity of alcohol produced from the initial concentration of yeast and fermentation temperature had an average deviation of 3.13% in the experiments carried out in the 250 mL reactor, and 4.14% for the tests carried out in a 25 L fermenter. These deviations show the acceptable accuracy in the proposed model, and ensure an acceptable estimation in the prediction of the volume of alcohol produced. 
Prediction of Alcoholic Degree (AD)
The quality of the product obtained from the fermentation is determined at the end by alcoholic degree measurements. Table 6 shows the alcoholic degrees obtained in every trial. A new predictive model was developed to predict alcoholic degree from the evaluated values: initial concentration of yeast used (C), temperature (T) and the volume of alcohol (V a ). Equation (7) shows the relationship obtained between alcoholic degree and initial concentration of yeast (C), temperature (T) and the volume of alcohol (V a ). This equation has been derived with the Table Curve 3D program. This model has an adjusted coefficient of determination of 0.9701.
AG " 58.15`129.05¨C
V a`7 .75¨lnT (7)
Conclusions
Two predictive models were obtained for the fermentation of cane juice using Saccharomyces cerevisiae as active agent. First, the amount of alcohol and its quality has been obtained from the variation of o Brix, initial concentration of yeast between 0.15 and 2.5 g¨L´1 and a temperature range between 30 and 40˝C. It has been demonstrated that the reaction follows a first order kinetic model, with an average adjusted coefficient of determination of 0.98. Second, another model to estimate the alcohol quality from alcoholic degree measurements was established after the distillation of the must. This model had an adjusted coefficient of determination of 0.97. Deviations of experimental values were less than 4%. The results indicate that the predictive models have enough accuracy. They were validated experimentally. The proposed system is quite cheaper than other methods to control the process, such as sensor-based online methods, NIR, fluorescence, etc. Therefore, this approach is suitable for use in rural communities with limited resources and allows the promotion of sustainable development projects in economically depressed areas. 
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